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A method for the frequency control in time-resolved two-dimensional gigahertz surface acoustic wave imaging We describe an extension of the time-resolved two-dimensional gigahertz surface acoustic wave imaging based on the optical pump-probe technique with periodic light source at a fixed repetition frequency. Usually such imaging measurement may generate and detect acoustic waves with their frequencies only at or near the integer multiples of the repetition frequency. Here we propose a method which utilizes the amplitude modulation of the excitation pulse train to modify the generation frequency free from the mentioned limitation, and allows for the first time the discrimination of the resulted upper-and lower-side-band frequency components in the detection. The validity of the method is demonstrated in a simple measurement on an isotropic glass plate covered by a metal thin film to extract the dispersion curves of the surface acoustic waves. C 2014 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4863195] Controlling acoustic wave propagation in media is a key issue for designing acoustic devices such as filters, waveguides, and resonators. In recent years, phononic crystals and phononic metamaterials, which allow one to tailor the acoustic properties of media, [1] [2] [3] [4] [5] [6] extend the design freedom of such devices [7] [8] [9] and provide opportunities to explore exotic phenomena, such as negative refraction and super lensing. [10] [11] [12] [13] To exploit these applications, basic knowledges on the acoustic wave propagation in media or structures in question are of central importance. One of the efficient ways to obtain these is a transient grating experiments. 14, 15 In these experiments, surface acoustic waves are generated using laser-induced gratings with short laser pulses, and their propagation is observed in the time-domain. By varying the grating spacing, one may obtain the dispersion curves for the acoustic waves. The time-resolved imaging of acoustic vibrations or waves is another way to get their information. [16] [17] [18] [19] [20] [21] [22] Especially the time-resolved two-dimensional surface acoustic wave (SAW) imaging utilizing optical pump-probe technique has successfully clarified the dispersion curves of the SAWs in anisotropic crystals 23 and phononic crystals [24] [25] [26] [27] as well as the negative refraction between the phononic-crystal and ordinary medium. 28 Though the time-resolved two-dimensional SAW imaging has better spatial resolution (down to the diffraction limit) than the grating technique has (several periods of the acoustic wavelength), the frequency resolution for the latter is usually better than that for the former.
In a typical setup of the time-resolved two-dimensional SAW imaging measurement, 20, 29 the periodic light pulses (pump light pulses) are focused onto the sample surface to generate the SAWs, and the delayed periodic light pulses (probe light pulses) are focused onto the sample to detect the surface displacement caused by the SAWs. By scanning the relative position of the pump and probe light spots, the two-dimensional imaging of the displacement field is achieved. The delay time between the pump and probe light pulse arrival to the sample surface is typically scanned across the laser repetition period to obtain the time-resolved data. In this measurement, the frequency components of the generated SAWs are practically limited to the integer multiples of the a Electronic mail: omatsuda@eng.hokudai.ac.jp 2158-3226/2014/4(1)/017124/8 C Author(s) 2014 4, 017124-1 pulse repetition frequency f 0 . The resulted frequency resolution of f 0 may be insufficient for many applications, such as the measurement of resonators with high Q value or the precise determination of the dispersion curves of phononic crystals. Varying the laser repetition rate may be a solution for this problem. In Ref. 30 , the laser repetition frequency was varied form 800 MHz to over 1000 MHz, and the resonance of a semiconductor membrane around 19 GHz was studied. However, applying similar technique to lasers with much lower repetition frequency around 100 MHz would be difficult because it requires a large variation of the laser cavity length to cover the broad frequency region. (If one wants to vary the repetition frequency from 50 MHz to 100 MHz, for example, the cavity length of the laser needs to be varied from 3 m to 1.5 m.) Reducing the laser repetition frequency to f 0 /n (n is an integer) with a pulse picker may be another solution to this problem, but it would not allow one to select arbitrary repetition frequencies, and it would require a very long optical delay line or a complicated timing control.
The purpose of this paper is to propose an extension of the time-resolved SAW imaging with a periodic light source; it allows to generate and detect SAWs at frequencies other than the integer multiples of the source repetition frequency. The paper gives the theoretical description of the principle of the method, and then the validation of the principle in a simple experiment.
To generate the SAWs at various frequencies, we use an amplitude modulation of the light pulse train at a fixed repetition frequency. It is well known that the frequency spectrum of amplitude modulated pulse train contains the main carrier components, which is at the integer multiples of the repetition frequency, and their sideband components, which are located upper and lower sides of the carrier frequencies separated by the modulation frequency. The SAWs excited by such modulated pulse train show the similar frequency spectrum. Thus the generated SAW frequency can be continuously varied by varying the modulation frequency.
In reality, to detect the relatively small signal caused by the SAW propagation, the modulation technique has been commonly used in the previously reported SAW imaging works; the pump light pulses are modulated at frequency F and a lock-in amplifier is used to extract the modulated component in the detected signal. In this case, the generated (and detected) frequency components are at nf 0 ± F where n is any integer. It is, however, not straightforward to distinguish the upper sidebands (nf 0 + F, USBs) and the lower sidebands (nf 0 − F, LSBs). Moreover, usually F has been much lower than f 0 (for example, f 0 80 MHz and F 1 MHz), and no attention has been paid to distinguish the USB and LSB components. Thus the obtained result has been usually regarded as that for nf 0 in the previous works.
In fact, the time-resolved part of the experimental setup of this method is very similar to that for the time-domain thermoreflectance experiments, and the modulation frequency dependence of the thermoreflectance signal has been extensively studied. [31] [32] [33] [34] In the thermoreflectance studies, however, the main interest is on the thermal properties at the modulation frequency and it is not necessary to consider the discrimination of the USBs and the LSBs.
In contrast, below we develop a detection and analysis method for the discrimination of the USBs and the LSBs. To explain the principle of the discrimination, we first need to clarify rigorously what we observe in the pump-probe measurement with a periodic light source. Suppose that a train of light pulses at the repetition frequency f 0 is used for both pumping and probing. The amplitude of pump light pulse train is modulated at the frequency F with a modulator. For the pump-probe measurement, we need a variable delay between the pump and probe light pulse arrival to the sample. This may be done by placing an optical delay line in the pump light path or the probe light path. For a while, we consider the case in which the delay line is placed in the pump light path. We may place the delay line in the upper stream (closer to the laser) or lower stream (closer to the sample) of the modulator. Below we consider the case in which the delay line is placed in the lower stream of the modulator so that the modulation envelope is also delayed along with the delay for the pump light pulses. 35 The acoustic disturbance, e.g. surface displacement, at the real time t with the pump delay time −τ < 0 is given as where ω 0 = 2π f 0 and = 2π F, n specifies the n-th harmonics of ω 0 , and l = 1 and −1 for the USBs and LSBs, respectively. A n, l is the amplitude and φ n,l is the initial phase for the vibration at frequency nω 0 + l . The summation excludes (n, l) = (0, −1) throughout this article, since it can be unified into (n, l) = (0, 1). We ignore the carrier components at nω 0 since they are not detected by the lock-in detection at the later stage. The acoustic disturbance in Eq. (1) is probed at the sampling rate f 0 by the probe light pulse train, which is regarded as a Dirac comb at repetition frequency f 0 or period T = 1/f 0 because the pulse duration (<1 ps) is much shorter than the temporal scale of the variation in u ( 100 ps). The vibration component at the frequency nω 0 + l in Eq. (1) probed by the N-th pulse of the probe pulse train is expressed as
The u n,l,N (τ ) oscillates at in the NT domain (corresponding to the t domain), whereas it oscillates at nω 0 + l in the τ domain. The signal in Eq. (2) is processed with a lock-in amplifier with a reference signal of non-delayed modulation envelope cos t. The in-phase output of the lock-in amplifier is given by
where the overscore expresses the average on N. In this paper, it is defined as
for an arbitrary series s j (j = 0, 1, 2, ···) with a sufficiently large number N max which is determined by the lock-in time constant. Likewise, the quadrature output is given by
Equations (3) and (4) show that the acoustic vibration in the t domain for (n, l) in Eq. (1) is mapped to the vibration in the τ domain with the identical frequency. The actual signal obtained on the output of the lock-in amplifier is the superposition of X n,l (τ ) or Y n,l (τ ) for all the possible (n, l) as
To retrieve A n,l and φ n,l from the experimental results X(τ ) and Y(τ ), it is convenient to define a complex signal
with Z n,l (τ ) = X n,l (τ ) + iY n,l (τ ) If Z(τ ) were available for −∞ < τ < ∞, A n, l and φ n, l would be obtained through the Fourier transform
A n,l 2 exp{ilφ n,l }δ(ω − (lnω 0 + )).
The USB (l = 1) information is obtained from the Fourier amplitude for ω > 0, whereas the LSB (l = −1) information is obtained from that for ω < 0. By virtue of the periodic nature of Z(τ ), however, we only need Z(τ ) for 0 ≤ τ < τ max where both ω 0 τ max and τ max are integer multiples of 2π . In this case, A n, l and φ n, l is obtained through
But it can be shown further that the minimum required region for Z(τ ) is 0 ≤ τ < T. To see why, a useful relation is obtained from Eq. (6) as
This allows Z(τ ) obtained in 0 ≤ τ < T being extended as much as needed. In this way we can obtain A n,l and φ n,l for each (n, l) from the experimental results. Paying attention to the order of the delay line and the modulator as well as the appropriate data analysis is important for the correct USB-LSB discrimination.
Above mentioned method can be extended to ease the requirement for the actual measurement as follows. To cover the whole necessary frequency range with the mentioned method, one needs to use a rather broad frequency range of 0 < F ≤ f 0 /2. It might be difficult for a photodetector having the necessary band width up to f 0 /2 with enough signal to noise ratio. This difficulty can be removed by using a heterodyne method: the pump and probe light pulses are modulated at different modulation frequencies F pu and F pr , respectively, and the difference frequency component at F ref = F pu − F pr is detected with a relatively narrow band width photodetector and a lock-in amplifier. Below we consider the heterodyne setup in which the delay line is placed at the lower stream of the modulator in the probe light path.
The acoustic disturbance in this case is given by
where pu = 2π F pu . The u(t) is probed by the probe pulse train which is modulated at pr = 2π F pr and is then delayed by τ . The (n, l) component in Eq. The u n,l,N (τ ) is the event observed at the real time t = NT + τ . The factor cos( pr N T ) is independent of τ since the pulse train is modulated before the delay line. The reference signal for the lock-in detection is
The in-phase lock-in output is given by
Likewise, the quadrature phase output is given by
The frequency nω 0 + l pu in the t domain is mapped to the frequency nω 0 + l pr in the τ domain. 36 To retrieve A n,l and φ n,l from the experimentally obtained X(τ ) and Y(τ ), the Fourier analysis similar to Eqs. (5)-(9) can be used with replaced by pr . The mentioned heterodyne method is implemented in the time-resolved two-dimensional SAW imaging experiment 29 to demonstrate the validity of the method. For this purpose, a sample having rather simple featureless dispersion relation is used: a crown glass substrate of thickness 1 mm coated with a 40-nm gold film. The light source is a mode-locked Ti:Sapphire laser generating the light pulses of duration ∼100 fs, repetition frequency f = 75.8 MHz, and central wavelength 830 nm. The second-harmonic light pulses at wavelength 415 nm are used for pumping, and the light pulses at wavelength 830 nm are used for probing. The pump and probe light pulses are modulated at F pu = 7.7 MHz and F pr = 9.4 MHz, respectively, by two acousto-optic modulators. The pump light pulses are focused to a ∼2 μm spot on the gold film surface from the film side through a × 50 microscope objective lens to generate the SAWs propagating in all directions with the frequency components up to ∼1 GHz. The modulated probe light pulses are delayed and focused to a ∼2 μm spot on the gold film from the substrate side through another × 50 microscope objective lens to interferometrically detect the resulting out-of-plane Au/substrate interface velocity. The probe light spot position is scanned across the 200 μm×200 μm area of the sample surface. The interferometer output is detected by a photodetector (band width 3 MHz) and a lock-in amplifier with a reference signal at F ref = −1.7 MHz. We obtain 34 images at regular intervals over the repetition period T = 13.2 ns of the laser pulses by scanning the optical delay line which is placed in the probe light path at the lower stream of the modulator. Figure 1 shows an image of the out-of-plane velocity of the Au/substrate interface at the delay time 11.6 ns. The SAW wavefronts are propagating as concentric circles from the excitation point at the center showing the isotropic nature of the sample.
To get the dispersion curves of the SAWs, the spatiotemporal Fourier transform is performed on the data on the vertical line from the center to the bottom in Fig. 1 . 23 For the Fourier analysis, the obtained data set for 0 ≤ τ < T are extended up to τ max = 8T 1/F pr with Eq. (9) . The modulus of the Fourier amplitude F T (k, ω) is plotted in the k-ω (wavenumber -angular frequency) plane in Fig. 2 . As discussed around Eqs. (7)-(9) and below Eq. (13), the positive ω region corresponds to the USB frequencies, whereas the negative ω region corresponds to the LSB frequencies. Since the SAWs propagate unidirectionally from the center to the bottom in the region of Fourier analysis, the finite Fourier amplitude is observed only in the first quadrant (k > 0 and ω > 0) and in the third quadrant (k < 0 and ω < 0). To see the USB and LSB results together, the third quadrant is folded onto the first quadrant in Fig. 3 . The finite amplitude is observed at the angular frequency nω 0 ± pr and the peaks for nω 0 + pr (USBs) generally have larger k than those for nω 0 − pr (LSBs). The points of the local maximum in Fig. 3 are plotted in Fig. 4 . The frequencies nω 0 ± pr in Fig. 3 are remapped to nω 0 ± pu in Fig. 4 . The points represent the allowed SAW modes and are mostly sitting on either of two curves. These can be regarded as the dispersion curves of the SAW modes. 3130 m/s and 5660 m/s for the crown glass without loading, respectively. 37, 38 The pairs of USB and LSB for each integer multiple of f 0 show apparent differences in wavenumbers: the USBs have larger wavenumber values than the corresponding LSBs have. These observations indicate that our mentioned scheme for distinguishing USB and LSB works quite well. Though the measurement is at a single modulation frequency F pu = 7.7 MHz because of the bandwidth limitation of the modulator we used, the method should be valid for whole frequency range 0 < F pu < f 0 /2 if we use a modulator with faster response, such as an elctro-optic modulator.
In conclusion, we have developed a technique of frequency control in the time-resolved twodimensional SAW imaging with the pump-probe methods utilizing the modulation of laser pulse trains, the lock-in detection, and the spatiotemporal Fourier analysis. The validity of the proposed method is demonstrated experimentally by the measurement for the crown glass sample. Comparing with the previous time-resolved two-dimensional SAW imaging experiments, the proposed method is advantageous in the freedom of the frequency control. Comparing with the laser-induced grating technique, this method may have a better spatial resolution which is only determined by the diffraction limit. As for the efficiency of the measurement, however, the laser-induced grating technique can obtain the broad frequency band at once for a given grating spacing, whereas the proposed method requires individual measurement for each modulation frequency. Though the proposed method will not replace the existing method entirely, it yet promises versatile application of the SAW imaging technique, for example testing microstructures which possess sharp frequency resonances or complicated dispersion curves. In addition, the method is also applicable to the frequency control in any of pump-probe measurements with periodic excitation, such as those in spintronics and plasmonics.
